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ABSTRACT: A vitreous breccia with variable amount of  mordenite was studied for its use as pozzolan. The 
raw material was characterized by optical and scanning electron microscopy (SEM), X-ray diffraction (XRD), 
and the zeolite content was estimated by the methylene blue staining technique. After being ground, physical 
characteristics, cation exchange capacity (CEC), pozzolanicity, and the compressive strength activity index 
(SAI) were determined. The staining technique and the CEC measurement were used to evaluate the aver-
age content of  zeolite. The vitreous breccia has pozzolanic activity after 7 days, the water demand increases 
slightly, and its addition stimulates the early hydration of  portland cement. At later ages, the pozzolanic reac-
tion around the grains, as revealed by SEM studies, improves the compressive strength of  blended cements 
having a SAI > 0.85 at 28 days.
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RESUMEN: Actividad puzolánica de una brecha vitrea argentina que contiene mordenita. Se estudió una brecha 
vítrea con cantidad variable de mordenita para su uso como puzolana. El material se caracterizó por micros-
copía óptica y electrónica de barrido (MEB), difracción de rayos X (DRX) y el contenido de zeolita se estimó 
mediante la técnica de tinción por azul de metileno. Luego de su molienda se determinaron las características 
físicas, la capacidad de intercambio catiónico (CIC), la puzolanicidad y el índice de actividad puzolánica a 
compresión (IAP). La técnica de tinción y la determinación de la CIC se utilizaron para evaluar el contenido 
promedio de zeolita. La brecha vítrea tiene actividad puzolánica después de 7 días, la demanda de agua aumenta 
ligeramente y su adición estimula la hidratación temprana del cemento portland. A edades tardías, la reac-
ción puzolánica alrededor de los granos, observada mediante MEB, mejora la resistencia a la compresión del 
cemento mezcla alcanzando un IAP > 0,85 a los 28 días.
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1. INTRODUCTION
The cement industry produces a large volume of 
CO2 emissions, which poses a challenge to commer-
cial cement manufacture. According to the UNEP 
report (1), a viable way to reduce greenhouse gas 
emissions is to increase the amount of  supplemen-
tary cementitious materials (SCMs) with low CO2 
emissions and locally available as partial replace-
ments in cementing materials with an equivalent or 
better performance. Natural pozzolans that only 
require a grinding process for their use as SCM are 
considered good candidates to achieve this goal 
(2, 3).
Pozzolans of volcanic origin have been used as 
hydraulic binder since ancient times, and thereafter, 
as SCMs in concrete worldwide (4). They are com-
posed of vitreous or poorly crystalized materials 
that can form coherent or incoherent deposits (5) 
and can undergo diagenetic or low-grade metamor-
phic processes with subsequent zeolitization (6).
Zeolites are three-dimensional, microporous, 
crystalline solids with a well-defined structure. They 
are characterized by a framework of  linked tetrahe-
dral (Si,Al)O4 containing open cavities in the form 
of channels and cages occupied by water molecules 
and extra-framework cations that are commonly 
exchangeable (mainly Ca, Mg, Ba, Na, K and sub-
ordinate Fe, Sr, Li, Be, Cs, Cu, Pb) (6, 7). They 
exhibit high cation exchange capacity (CEC) that 
basically depends on the substitution degree of  Al3+ 
by Si4+ in the structure. Due to their open porous 
structure, the water molecules come off  easily when 
they are heated, giving a continuous dehydration 
curve. This process can be reversible (partially or 
totally), so the structural porosity and the channels 
can be refilled with water or a wide variety of  other 
substances, conferring a high absorption-desorp-
tion capacity to these materials (8). This selective 
process mainly depends on the zeolite structure and 
the pore size and molecules, so they are used in dif-
ferent applications (9).
Volcanic zeolite-rich pozzolans are very heteroge-
neous, so the characteristics and properties of both 
the raw material (such as mineralogy, texture, chem-
istry, crystallinity, grain size, morphology, etc.) and 
the zeolite-bearing material (zeolite vs. glass pro-
portion, particle size distribution, bulk chemistry, 
CEC, specific surface area, etc.) should be correctly 
assessed by different techniques. Knowing these het-
erogeneities is essential as they can affect the poz-
zolanic activity (10) and the water demand of the 
material, and ultimately, the properties of fresh and 
hardened concrete (11-18). In addition, they can 
accelerate the early hydration of portland cement 
(15) and contribute to the formation of additional 
hydrates (12, 19).
Natural zeolites (mainly zeolite-rich materials) 
are widely used in the cement industry, especially 
in China (20). Different studies have shown that 
when used as SCM in replacement of part of the 
cement, concrete durability can be improved ((21) 
and references therein). In Argentina, zeolites are 
recognized in different geological environments, 
mainly of a diagenetic or hydrothermal origin, but 
they are commercially available in the province of 
La Rioja only (22). Raggiotti et al. (23) studied a 
clinoptilolite-rich zeolitized tuff  from the province 
of La Rioja as partial replacement of cement (0% to 
20%). The material used is heterogeneous in size and 
their results indicate that it has good performance at 
20% of replacement. In addition, Locati et al. (24) 
found that finely ground, this material can be used 
as inhibitor of the alkali-silica reaction (ASR).
In this paper, a zeolitized vitreous breccia (ZVB) 
from the province of Mendoza (Argentina) is char-
acterized before and after being ground to evaluate 
its potential use as SCM. Its pozzolanic activity is 
investigated by several tests. Furthermore, the role 
of mordenite-type zeolite and the glass content in 
this breccia in pozzolan hydration is analyzed by 
X-ray diffraction (XRD) and scanning electron 
microscopy–energy dispersive X-ray spectroscopy 
(SEM-EDS) techniques.
2. MATERIALS AND METHODS
2.1. Raw zeolitized vitreous breccia (ZVB) 
The raw ZVB was extracted from an outcrop 
located in the south of the Mendoza province 
(Argentina). It is light green to whitish and has a 
small grain size. The mineralized sector is ~200 m 
long and 6 to 10 m wide, with the base covered and 
the top exposed or partially covered by different 
materials. 
Petrographic studies were done on thin sections 
under parallel and crossed nicols (//N, XN) using an 
Olympus B2-UMA trinocular petrographic micro-
scope. Morphological studies were performed with 
a LEO EVO 40-XVP SEM on gold-coated samples 
working at 10 kV. Additional studies were carried 
out on carbon-coated fractured surfaces and pol-
ished thin sections (abrasive size up to 1 µm) with 
a Carl Zeiss high resolution FE (Field Emission)-
Σigma SEM-EDS microscope, working at 8 and 
15 kV for images and microanalyses, respectively. 
Secondary electron (SE) images and backscattered 
electron (BSE) images were obtained. XRD analy-
ses were performed on Rigaku D-Max III-C, with 
Cu-Kα1,2 (λ=1.541840 Å) radiation filtered with a 
graphite monochromator operating at 35 kV and 
15  mA. Patterns were recorded on ground whole 
rock (in agate mortar), from 3 to 60° 2θ (0.02° 
2θ step and a counting time of 2 s per step).
Due to the irregular mineralization of the rock, 
the zeolite content was estimated by the following 
staining technique. One sample of the altered sector 
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was cut and polished, obtaining a slab measuring 
30 × 25 mm and 10 mm in thickness. It was immersed 
in 0.01 N methylene blue solution for two minutes. 
After this treatment, photomicrographs were taken 
(30x magnification) under a stereomicroscope cov-
ering the total surface of the slab. Finally, the per-
centage of the stained area (zeolites are colored due 
to their CEC) was determined for each image with 
ImageJ software (25), and the average value was cal-
culated for the whole slab.
2.2. Characterization of the ground ZVB
A representative ZVB sample was processed in 
a laboratory jaw crusher to obtain particles smaller 
than 4.75 mm. Two kilograms of the crushed sam-
ple were dried at room temperature and ground in a 
laboratory ball mill until less than 12% was retained 
on 45 mm sieve. After grinding, the particle size dis-
tribution (PSD) and its parameters (d90, d50 and 
d10) were obtained by a laser diffraction granu-
lometer (Malvern Mastersize 2000) with dry disper-
sant medium. The material retained on 45 μm sieve 
by the wet method (26), the relative density (27) 
and the Blaine specific surface area (28) were also 
determined.
The chemical composition of the ground ZVB 
was determined by inductively coupled plasma emis-
sion spectrometry (ICP-ES) in ACME Laboratories, 
Canada (LF200 procedure). Additionally, it was 
characterized by simultaneous differential scanning 
calorimetry and thermogravimetric analysis (DSC-
TGA) and Fourier transform infrared spectroscopy 
(FT-IR). DSC-TGA was performed with a TA Q600 
analyzer under inert atmosphere at a heating rate of 
10 °C/min from room temperature up to 1000 °C. 
The FT-IR spectrum was recorded on a Nicolet 
520 FT-IR spectrometer using 1 mg pressed pel-
lets of the raw material dispersed in 100 mg KBr. 
For each spectrum, 100 scans were recorded in the 
400–4000 cm−1 spectral range with a resolution of 
4 cm−1 in transmittance mode.
The CEC and exchangeable cations (in solu-
tion) were determined in LANAQUI laboratory 
(Argentina). The sample was digested using nitric 
acid (29). Saturation with ammonium acetate was 
used to obtain the CEC. The chemical determina-
tions were carried out with an Inductive Coupling 
Plasma Atomic Emission Spectrometer (ICP-AES), 
Shimadzu 9000 (30).
2.3. Performance of the ZVB as SCM 
The ZVB-performance was assessed on blended 
cement containing an ordinary portland cement 
(OPC) with 25% by mass replacement as required 
by the IRAM 1654 standard for pozzolan (31). 
The chemical composition of OPC determined by 
X-ray fluorescence (XRF) is given in Table 1, and 
its mineralogical composition reported by the pro-
ducer was C3S = 57.8%, C2S = 13.7%, C3A = 3.0%, 
C4AF  = 14.2%, gypsum = 5.0% and limestone = 
4.5%. The strength class of OPC was 40 (standard 
compressive strength > 40 MPa at 28 days). 
The minislump test (32) was used to determine 
the flow and the flow loss on the cement paste. After 
standard paste mixing, the minicone placed on 
a glass plate was filled with the mixture and care-
fully lifted to allow the paste to flow on the glass. 
After 30 s, two orthogonal spread diameters of the 
pad were measured and the average was calculated. 
The paste remaining in the bowl was remixed every 
15  min to avoid bleeding, and the minislump was 
measured at 30, 60, and 120 min.
The heat and cumulative heat release rate dur-
ing cement hydration was measured in a conduction 
calorimeter operating under isothermal conditions 
at 20 °C for 48 h. The paste was prepared using 20 g 
of cementitious material in a small plastic bag care-
fully homogenized. The bag and mixing water were 
placed into the calorimeter until thermal stabiliza-
tion, and then the cement was mixed with 10 g of 
water by hand for 30 s, with a water-to-cementitious 
materials ratio (w/cm) of 0.50 by mass. The bag was 
sealed, carefully placed in the calorimetric cup, and 
the measurement was started immediately.
For the Frattini test (33), 15 g of OPC plus 5 g of 
ground ZVB were mixed with 100 ml of boiled dis-
tilled water in plastic containers. Sealed containers 
were stored for 2, 7, 28 and 90 days at 40 °C. At test 
time, samples were vacuum filtered through paper, 
and the filtrate was analyzed for [OH−] by titration 
against dilute HCl with methyl orange indicator 
and for [Ca2+] by pH adjustment to 13, followed by 
titration with 0.025 M EDTA solution using murex-
ide indicator. For this test, the mineral addition is 
considered active when the [CaO] and [OH−] deter-
mined in the supernatant solution are located below 
the solubility isotherm of Ca(OH)2 in alkaline solu-
tion at 40 °C.
The strength activity index (SAI) was determined 
as the ratio between the compressive strength of the 
OPC+ZVB and that of the OPC mortar curing at 
room temperature (34). The compressive strength 
was determined on prims (40 × 40 × 160 mm) made 
with standard EN 196-1 (35) mortar (w/cm = 0.5 
and cement:sand = 1:3). Prior to casting, the flow 
test was carried out according to ASTM C1437 
(36). Specimens were cured for 24 h in the molds 
Table 1. Chemical composition of OPC.
Chemical composition (weight %)
SiO2 Al2O3 Fe2O3 MgO CaO SO3 Na2O K2O LOI*
20.47 4.20 4.46 0.56 60.48 1.90 0.05 1.07 3.26
*LOI: loss on ignition
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in fog room, and thereafter demolded and sub-
merged in tap water at 20 ± 1 °C until the test ages. 
At 2, 7, 28 and 90 days, the compressive strength 
was determined on three specimens (six values) 
using an INSTRON 33R4485 test machine. The 
mean value, the dispersion and the SAI were calcu-
lated. According to EN 450-1 standard (34), fly ash 
behaves as pozzolan when the SAI is higher than 
0.75 at 28 days and higher than 0.85 at 90 days.
At 90 days, a slice of standard mortar specimen 
containing blended cement was studied by SEM 
(see LEO EVO equipment in section 3.1) operating 
at 20 kV. A carbon-coated polished thin section was 
prepared (abrasive size up to 1 µm) and studied by 
BSE images and mapping mode (Si, Ca, Al, K, Na, 
Fe, Mg, S) to analyze the components of the cement 
paste, and line profile mode (Si, Al, Ca, Na, K) to 
determine the chemical variation in the interfacial 
transition zone (ITZ). 
The hydration compounds were determined on 
pastes made with w/cm of 0.5 and cured in sealed 
plastic bags at 20 °C for 2, 7, 28 and 90 days. At 
test time, the paste was crushed, immersed in iso-
propyl alcohol to stop the hydration, and the non-
evaporable water (Wn) was determined by using the 
procedure proposed by Powers (37). Other paste 
fragments were carefully ground in an agate mor-
tar immersed in isopropyl alcohol and immediately 
measured by XRD analysis using the same equip-
ment mentioned above. 
3. RESULTS
3.1. Raw ZVB characterization
Petrographic studies show that ZVB is heteroge-
neous, with vitreous sectors slightly zeolitized in the 
upper part of the outcrop and other sectors strongly 
altered to zeolite, sometimes with good crystallinity 
(Figure 1a), which predominates in the lower sec-
tor of the outcrop. In the former, fluidal structures 
(with tubular microvesicles) and perlitic-spherulitic 
Figure 1. Photomicrographs of ZVB. a) Well-developed zeolite-rich zone (XN). b) Fluidal texture (arrows) in a volcanic  
glass-rich sector (//N). c) General texture of ZVB with fragments of zeolitized and partially altered volcanic glass (//N). d) Detail 
of a devitrified, altered sector in ZVB. Radial fibrous zeolites in a partially crystalline fine-grained mass can be observed  
(circle, XN). (z: zeolite-rich sector; v: volcanic glass-rich sector; c: clasts of ZVB). 
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texture can be recognized (Figure 1b). Generally, 
more altered sectors are associated with zones of 
breccias of high permeability (Figure 1c). The het-
erogeneous reddish to brown coloration of some 
sectors is attributed to the presence of iron oxides/
hydroxides. A great percentage of the vitreous 
material shows anisotropy (partially crystalline), 
although mineral phases cannot be easily identified 
by this methodology. In these sectors, some fibrous 
zeolites (~50 µm long) with radial growth are rec-
ognized, although zones with very fine grain size 
(< 10  µm) predominate (Figure 1d). As accessory 
phases (< 1%) K-feldspar, plagioclase, clay minerals 
and prismatic zeolite were identified.
SEM observation shows zeolite-rich sectors over 
volcanic glass. Also, well-developed fibrous zeolite 
(Figure 2a) is scarce and mainly associated with 
high permeability sectors (cracks and cavities), while 
zeolite of small grain size (≤ 100 nm) and with no 
obvious habit (Figure 2b) is the most distributed 
phase replacing the vitreous material. The texture 
is mottled (Figure 2c) with relicts of volcanic glass 
(light gray) in a fine-grained mass of mordenite 
(dark gray) (Figure 2d). In some sectors, veins of 
K-feldspar (white) are also observed crosscutting 
the rock texture. Table 2 lists the EDS analysis com-
position of the volcanic glass and the zeolite (spots 
1 and 2 in Figure 2d, respectively).
XRD analysis (Figure 3) indicated that the main 
zeolite identified was mordenite (ICSD 00-029-1257) 
with main reflections at 9.06 Å, 4.0 Å and 3.48 Å. 
Additionally, plagioclase and K-feldspar were identi-
fied as accessory phases. A hump of the background 
was observed between 20 and 30° 2θ, indicating the 
presence of amorphous material (relict volcanic 
glass). In some samples, opal-CT (SiO2 phase) was 
also detected with minor amounts of clinoptilolite, 
beidellite-montmorillonite and Ti- or Fe-oxides, in 
agreement with other authors (38).
The zeolite content in the ZVB is variable, with 
25% on average and a standard deviation of  6.6%, 
although some sectors in the rock are almost totally 
Figure 2. SEM of ZVB. a) Fibrous mordenite growing in a cavity over volcanic glass (SE - LEO EVO 40-XVP). b) Detail of 
vitreous sector being replaced by small and poorly formed zeolite crystals (SE - FE-Σigma). c) General texture of the mineralized 
zone (BSE - FE-Σigma). d) Detail of mordenite-volcanic glass interface (BSE - FE-Σigma). 1 and 2: Analyses listed in Table 2. 
(z: zeolite (mordenite); v: volcanic glass; f: K-feldspar).
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zeolitized (~80%). More permeable sectors such as 
cavities and cracks show intense blue staining, while 
the rest of  the matrix is blue to light blue (Figure 4). 
The non-zeolitized vitreous clasts are not stained. 
The content of  vitreous phase determined by this 
method assuming a small influence of  other crys-
talline phases (K-feldspars, plagioclase, Opal-CT 
and oxides) ranges between 70% and 75%. 
3.2. Ground ZVB characterization
The physical characteristics of the ground ZVB 
are summarized in Table 3 and compared to those 
of OPC. The PSD curves for ZVB and OPC are 
presented in Figure 5, and their granulometric 
parameters are reported in Table 3. A grinding time 
of 120 min was necessary so that less than 12% ZVB 
was retained on 45 µm sieve. The PSD curve of ZVB 
has unimodal distribution with a high volume of 
particle size at 21.4 μm and two humps at 5.4 μm 
and 0.9 μm. Compared with OPC, the PSD is thin-
ner. The specific surface of ZVB determined by the 
Blaine method was larger than that of the OPC, and 
the density value was lower. 
Table 2 also reports the chemical composition of 
the ground ZVB. The sum of  SiO2+Al2O3+Fe2O3 
(80.1%) is greater than 70% and the SO3 is below 
the detection limit of  the equipment, allow-
ing the chemical requirements of  ASTM C618 
(39) for natural pozzolan Class N. However, the 
structural water content in this type of  pozzolan 
causes a LOI greater than 10% as required by the 
standard.
The TGA curve (Figure 6 - solid line) of the 
ground ZVB shows a continuous mass loss dur-
ing heating, attaining a total mass loss of 11.93%. 
Between 20 and 110 °C, the mass loss is assigned 
to desorption of free water into the zeolite struc-
ture (hygroscopic water), while the mass loss in the 
110–230 °C range is attributed to desorption of very 
loosely held water (40,41). A broad endothermic 
peak is recognized in the DSC curve (heat flow) in 
the 20–230 °C range due to these two processes (42). 
The mass loss above 230 °C could be due to strongly 
bound water (43) or the dehydroxylation of zeolite 
(44). According to Pechar and Rykl (43), mordenite 
is stable up to 510 °C without significant changes in 
its structure. 
Figure 7 shows the FT-IR spectrum of the 
ground ZVB. The main bands were assigned accord-
ing to Jansen et al. (45), Deshpande & Bhoskar 
(46) and Ostroumov & Corona-Chávez (47). The 
3620 and 3454 cm−1 bands are well defined and are 
assigned to the OH-stretching vibration, while the 
1643 cm−1 band is due to H-O-H bending of water. 
The vibration of T-O bending is assigned to 1223 
and 791 cm−1 (external asymmetric and symmetric 
stretching, respectively), 1051 and 727 cm−1 (inter-
nal asymmetric and symmetric stretching, respec-
tively), and 469 cm−1 bands (possibly bending). The 
bands at 627, 577 and 523 cm−1 could be attributed 
to double-ring tetrahedral vibrations. Minor peaks 
observed at 2879, 2232 and 1440 cm−1 could not be 
assigned.
Table 4 gives the results of CEC and exchangeable 
cations of the ground ZVB (average of two deter-
minations). According to Mumpton (48), the CEC 
of mordenite is 2.29 meq/g (calculated from unit-cell 
formula). Therefore, considering the CEC deter-
mined, ~25.8% of mordenite in ZVB can be esti-
mated, which is similar to the percentage  determined 
by the staining technique. 
Table 2. Chemical composition (%) of volcanic glass 
(1: spot analysis in Figure 2d), mordenite (2: spot analysis 
in Figure 2d) obtained by FE-Σigma SEM-EDS, and 
bulk ground ZVB by ICP-ES. Mn, Cl, S and P values are 
below the detection limit in the three analyses.
Volcanic glass (1) Mordenite (2) Ground ZVB
SiO2 69.48 71.26 69.27
Al2O3 12.25 10.60 10.93
Fe2O3 bdl bdl 0.74
MgO 0.64 0.00 0.27
CaO 3.02 2.85 2.61
Na2O 0.46 1.77 1.43
K2O 2.67 1.73 2.18
BaO 0.70 0.00 bdl
TiO2 bdl bdl 0.09
LOI* - - 12.30
H2O** 10.78 11.79 -
bdl: Values below the detection limit of the equipment. 
*LOI: loss on ignition
**H2O: calculated as the difference to reach 100%.
Figure 3. XRD pattern of ZVB  
(M: mordenite, F: K-feldspar, P: plagioclase).
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3.3. Performance of ground ZVB as SCM
3.3.1. Minislump test
Figure 8 shows the flow spread diameter (cm) as 
a function of time (min) for OPC and OPC+ZVB 
pastes. For OPC paste, the initial spread diameter 
(10.2 cm) was higher than that corresponding to 
OPC+ZVB (7.8 cm), confirming water consumption 
due to zeolite-rich addition. The minislump of 
OPC+ZVB remains for 30 min, and thereafter its 
loss rate is higher than that corresponding to the 
OPC paste. 
3.3.2. Heat released
Figure 9 shows the evolution of  the heat release 
rate (mW/g) and cumulative heat release (J/g) as a 
function of  time (min) for OPC and OPC+ZVB. 
Table 3. Physical properties of the ground ZVB and OPC.
Material
Density 
(g/cm3)
Specific 
surface (m2/kg)
Retained on 
45 µm sieve (%)
PSD parameters (µm)
d90 d50 d10
Ground ZVB 2.14 798 4.80 33.53 2.61 1.23
OPC 3.13 354 2.85 60.74 18.72 2.74
Figure 4. Photomicrographs of stained polished slab. a) Sector with predominance of non-zeolitized vitreous clasts.  
b) Sector with predominance of strongly zeolitized matrix. (c: vitreous clasts. z: highly zeolitized matrix).
Figure 5. PSD curves of the ground ZVB and OPC.
Figure 6. DSC (dashed line) and TGA  
(solid line) curves of the ground ZVB.
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The heat release rate curve is characterized by: a) 
the initial signal due to dissolution, wetting and ini-
tial hydration; b) the dormant period; c) the second 
peak corresponding to the C3S hydration charac-
terized by the slope, the maximum heat release rate 
and the occurrence time; d) the third peak associ-
ated with C3A hydration due to sulfate depletion 
characterized by its intensity and the occurrence 
time.
The initial heat release rate is very high when 
water is mixed with cementitious materials. Then, 
the signal decreases to the first valley at 180 min 
with a rate of 0.27 mW/g for OPC and it occurs 
15 min before with a high rate (0.40 mW/g) for 
OPC+ZVB. For OPC, C3S hydration starts with a 
sudden heat-rate acceleration (0.00513 mW/g.min) 
reaching the second peak at 570 min with a rate of 
1.72 mW/g. For cement with ZVB, it starts with a 
similar acceleration rate (0.00516 mW/g.min) but 
the maximum occurs 60 min before (510 min) with 
a low heat rate (1.57 mW/g). The sulfate depletion 
point appears approximately at 610 and 560 min 
for OPC and OPC+ZVB, respectively. However, it 
is poorly marked in the curves due to the low C3A-
content of OPC used. The third peak occurs at 670 
min with a rate of 1.87 mW/g for OPC and at 630 
min with a rate of 1.62 mW/g for OPC+ZVB. The 
cumulative heat release (Figure  9) shows that the 
OPC+ZVB has a great value up to ~16 h and then it 
is lower than that corresponding to OPC. 
3.3.3. Frattini test
Results of the Frattini test are reported in 
Figure 10. For OPC, the points representing [CaO] 
and [OH−] are above the calcium solubility isotherm, 
indicating that the solution is saturated in portland-
ite, except at 90 days when the [CaO] decrease is 
attributed to the CO2 dissolved in the supernatant 
solution. For OPC+ZVB, the points at 2 and 7 days 
are above the calcium solubility isotherm, revealing 
no pozzolanic activity. After 28 days, the points fall 
below the isotherm, indicating that the pozzolanic 
material reacts with dissolved Ca(OH)2 at a high 
rate giving an unsaturated supernatant solution. 
The [CaO] is higher than that corresponding to OPC 
at 2 days and it is similar at 7 days, while the [OH−] 
increases slightly. At 28 and 90 days, the [CaO] is 
lower than that of OPC, and the [OH−] increases 
significantly at later ages. This test determines that 
ZVB has good pozzolanic activity and is classified 
as slow reactive pozzolanic material.
Table 4. CEC and exchangeable cations  
of ground ZVB (meq/100g).
Material CEC
Exchangeable cations
K Ca Mg Na
Ground ZVB 59.2 11.1 13.95 0.76 17.96
Figure 7. FT-IR curve of the ground ZVB.
Figure 8. Results of minislump test of  
OPC and OPC+ZVB pastes.
Figure 9. Heat release rate and cumulative heat  
released curves of OPC and OPC+ZVB.
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3.3.4. Compressive strength and SAI
The mortars used to determine the compressive 
strength and SAI have a flow of 125% (OPC) and 
91% (OPC+ZVB). As reported for the minislump, 
the addition of the zeolitic material reduces the 
workability of mortar. Figure 11 shows the com-
pressive strength and SAI values for mortars up to 
90 days. At early ages (2 and 7 days), the compressive 
strength of OPC+ZVB (13.3 MPa and 26.3 MPa) is 
lower than that of the OPC mortar (18.6 MPa and 
34.8 MPa). However, the compressive strength at 28 
and 90 days (47.3 and 58.2 MPa) is greater than the 
compressive strength of OPC (46.6 and 53.7 MPa). 
The SAI at 28 and 90 days is 1.02 and 1.08, exceeding 
the values required by the EN 450-1 standard (34).
3.3.5. Hydration 
The textural-chemical characteristics of OPC+ 
ZVB mortar after 90 days of hydration are depicted 
in Figure 12. The BSE image (Figure 12a) shows the 
main phases identified according to elemental maps 
of Si, Ca, Al, K, Na, Fe, Mg and S (Figure 12b-i). 
Sand aggregates (A) are identified by a high Si con-
tent (Figure 12b) and the complete absence of Ca, 
Al, K and Na (Figure 12c-f). The ZVB grains are 
characterized by high Si and Al (Figure 12d), low 
Ca (almost zero compared to the cement paste) and 
abundant content of alkalis (Na and K in Figure 
12e and 12f, respectively). The cement matrix is 
dominated by high Ca content and pores appear 
as black holes in the BSE image. C4AF is identified 
by its light gray color in BSE image (1) and char-
acterized by the superimposition of Ca, Al and Fe 
(Figure 12e) elemental maps. C4AF hydrates are 
 recognized at the grain boundaries (Figure 12g). 
CH crystals grow into the pores and also occupy the 
paste-aggregate interface zone (3). They are charac-
terized by Ca-rich sectors and the absence of other 
elements. C-S-H, AFm and AFt phases in the paste 
also grow as intergrowth submicron phases that 
could not be distinguished using this technique.
Figure 13 (BSE image) shows a detail of the 
cement paste rich in ZVB and elemental profiles of 
Si, Ca, Al, K and Na crosscutting the grains. The 
image shows a rim of Si-rich compound on the sur-
face of the ZVB grains with minor amounts of Ca, 
Al, Na and K. The composition of ZVB grains var-
ies from the center to the boundary, decreasing their 
concentration in Si, Al, K and Na (less evident) and 
increasing the Ca content. The composition of these 
compounds at the boundary is related to the C-S-H 
and C-A-S-H phases, indicating the deposition of 
pozzolanic reaction products at the ITZ. 
Figure 14 shows the evolution of non-evapo-
rable water (Wn) for OPC and OPC+ZVB pastes. 
In this figure, the dashed line represents the curve 
corresponding to 75% Wn of plain cement. During 
the test, cement hydration with the zeolitic material 
produces a smaller Wn amount than the OPC paste. 
Up to 28 days, the Wn was lower than the propor-
tion equivalent to 75% of OPC, but it exceeded that 
value after 28 days. This behavior can be interpreted 
as a slow contribution to the Wn caused by the poz-
zolanic reaction. 
The XRD patterns for hydrated pastes from 2 to 
90 days are presented in Figure 15. For OPC (Figure 
15a), at 2 days the Ca(OH)2 (d = 4.88 Å; 2.63 Å) and 
ettringite (d = 9.62 Å) appear as hydration prod-
ucts coexisting with the main anhydrous phases of 
portland clinker (C3S, C2S and C4AF) as and calcite 
incorporated as minor constituent. After 7 days, the 
formation of AFm phase appears (hemicarboalumi-
nate, d = 8.17 Å) while ettringite and Ca(OH)2 peaks 
Figure 10. Results of the Frattini test of  
OPC and OPC+ZVB.
Figure 11. Compressive strength and SAI values  
for OPC and OPC+ZVB mortars.
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grow. The anhydrous clinker phases decrease. After 
28 days, the AFm phase is transformed into mono-
carboaluminate (d = 7.55 Å), which is predominant 
at 90 days together with high intensity CH peaks. For 
OPC+ZVB paste (Figure 15b), the AFt and AFm 
phases are absent in the XRD patterns. From 2 to 
7 days, the intensity of the Ca(OH)2 peaks increases, 
it is maintained at 28 days and then it decreases at 
90 days, indicating that the pozzolanic reaction pro-
gresses. A large proportion of the silicate phases of 
the cement appear hydrated at 7 days and then fade. 
The mordenite peaks (d = 3.97 Å, 3.46 Å, 3.20 Å) 
are defined in the XRD patterns at 2 and 7 days, but 
later they become wider and their intensity decays. 
However, mordenite peaks are clearly assignable at 
90 days.
4. DISCUSSION
The ZVB is mainly composed of abundant clasts 
of perlitic and spherulitic glass of rhyolitic com-
position, and mordenite zeolite, with crystals of 
very fine grain size (< 100 nm) and fibrous crystals 
(~50  µm long), with radial growth predominating. 
Figure 12. SEM-EDS. a) BSE image of OPC+ZVB mortar after 90 days of hydration. b-i) Compositional maps of Si (b), Ca (c), 
Al (d), K (e), Na (f), Fe (g), Mg (h) and S (i) of the same sector. (A: siliceous aggregate, C: crack, P: pore, ZVB: zeolitized vitreous 
breccia, 1: C4AF, 2: hydrated C4AF, 3: Ca(OH)2, 4: Ca(±Al)-rich C-S-H, 5: Si-rich C-S-H).
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The volume and density of the mineralized  sectors 
are variable, forming banks of several meters in 
thickness, with intercalations of vitreous levels 
(non-brecciated). The irregularity of the alteration 
would be linked to the difference in permeability 
between both sectors.
According to the staining technique implemented, 
the zeolite content in the studied sample is ~25%, in 
agreement with the estimation made through CEC 
determined by NH4
+ exchange in the ground ZVB. 
The main cations exchanged were Na>Ca>K>Mg.
FT-IR results indicate the presence of  free 
water in the sample. The mass loss in TGA 
(11.9% - Figure 6) is nearly coincident with water 
calculated (difference to reach 100%) in mordenite 
by SEM-EDS (~11.8% - Table 2), but the mordenite 
only occupies a quarter of the bulk sample. SEM-
EDS analysis shows that volcanic glass also has a 
high water content (~10.8% - Table 2). It is higher 
than in typical non-altered glasses (~5%) (49), there-
fore, it could be partially transformed into zeolite 
and contributes to the final mass loss measured. 
However, since both volcanic glass and mordenite 
contribute to the mass loss during heating, it is dif-
ficult to discriminate one from the other in the TGA 
curve. Although the standard specifies a limit of 
10% for LOI (39), it can be seen that the mass loss 
between 20 and 110 °C in the TG curve (Figure 6) 
due to hygroscopic water is ~4.5%. The mass loss 
above ~110 °C is assignable to water held in the zeo-
lite structure and should not be taken into account 
in the specification indicated by the standard.
The addition of zeolite-bearing pozzolan to port-
land cement causes several effects: the hydration of 
the cement occurred much earlier (12, 15, 50, 51, 
52, 53), the high exchange capacity of pore solu-
tion ions influenced the formation of C-S-H and the 
later pozzolanic activity. The reactivity depends on 
the type and characteristics of zeolite, and the mor-
denite type zeolite appears as slow reactive (12, 17). 
The large specific surface and porous structure 
of zeolite can decrease the free water content in the 
paste, reducing the initial paste minislump or mor-
tar flow and causing the minislump loss (Figure 8). 
Results of the heat release (Figure 9) and the Frattini 
test (Figure 10) reveal that the addition of ZVB to 
OPC stimulates the hydration of the portland cement 
fraction at early ages. Early stimulation could be 
attributed to changes in the concentration of ionic 
species in the pore solution caused by the CEC and 
the increase of nucleation sites. Furthermore, the 
replacement by weight of ZVB with lower density 
than the OPC increases the volume of solids in the 
paste decreasing the interparticle distance (54, 55). 
The stimulation is controlled by the exchangeable 
cation (predominantly Na in this case) with Ca and 
(OH)− (53) that reduces the ionic strength in the pore 
solution, causing a quick dissolution and hydration 
of portland cement (the calorimetric curve moves to 
the left) and the second and the third peaks appear 
at early ages. However, the lower intensity of both 
peaks reveals the dilution effect caused by the ZVB 
replacement. In the Frattini test (Figure 10), the 
stimulation effect increases the Ca(HO)2 released by 
C3S hydration at early age, and the [CaO] increases 
in the supernatant solution. For the 25% replace-
ment, the stimulation effect cannot compensate the 
dilution effect, and the compressive strength (Figure 
11) and Wn (Figure 14) are much lower than that 
obtained in the OPC. Low Wn can also be attrib-
uted to the absence of AFt and AFm phases in the 
compound assemblage (Figure 15b) with larger 
 proportion of combined water in their structure.
Figure 13. SEM-EDS. BSE image of a sector rich in ZVB 
particles and elemental profiles of Si, Ca, Al, K and Na. 
(A: siliceous aggregate, C: crack, P: pore, ZVB: zeolitized 
vitreous breccia, 1: C4AF, 2: hydrated C4AF, 3: Ca(OH)2, 
4: Ca(±Al)-rich C-S-H).
Figure 14. Evolution of the non-evaporable  
water (Wn) in OPC and OPC+ZVB pastes.  
Dashed line: 75% Wn of plain cement.
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At later ages, the ZVB shows pozzolanic activ-
ity, as revealed by the Frattini test. The pozzolanic 
reaction involves the consumption of Ca(OH)2, and 
[CaO] decreases in the Frattini diagram up to 90 
days. On the other hand, [OH−] increases indicating 
that hydroxyl ions are released from rhyolitic glass 
or zeolite. This pozzolanic reaction contributes to 
mortar strength, attaining a value similar to that 
corresponding to OPC. The non-evaporable water 
increases, but some part of Ca(OH)2 remains in the 
paste, as revealed by the XRD pattern (Figure 15b) 
and BSE-SEM analysis (Figure 12).
In the ZVB, aluminum is mainly present in glass 
and mordenite (~11%-12% Al2O3). In recent experi-
ences (56) it was observed that ZVB is transformed 
almost completely into Na-P zeolite when it is main-
tained in a 1 N NaOH solution for 6 weeks (at 40 °C) 
or in a mixture of Na-P zeolite and analcime for 
4 weeks (at 95 °C). According to Blanc et al. (57), 
mordenite is not stable in the high pH conditions of 
the concrete. In this scenario and assuming a sys-
tem saturated with respect to calcium, it is expected 
that Al-rich zeolites or Al-containing cement phases 
will stabilize. In the case of ZVB, ~70%-75% of the 
material corresponds to rhyolitic volcanic glass, 
of known instability in alkaline conditions (55). 
Therefore, it is possible that pozzolan (mainly glass 
particles and possibly mordenite) react to form more 
stable C-S-H and/or Al-containing phases, mainly 
at the periphery of the particles (Figure 13).
However, mordenite peaks in the XRD pattern 
(Figure 15b) remain at 90 days, indicating that the 
pozzolanic activity could mainly be attributed to the 
glass phases included in the ZVB. This behavior was 
also corroborated by SEM–EDS results (Figure 12). 
It is observed that the pozzolan grains remain in the 
bulk mass of mortar with a high content of Si, Al 
and K, and the pozzolanic reaction products form 
a rim around the grain, possibly due to the vitre-
ous content in the breccia (Figure 13). In addition, 
alkalis could also be released by dissolution of rhy-
olitic glass, increasing [OH−] in the Frattini test at 
90 days. Transformation of mordenite into more 
stable phases is not discarded, due to its chemical 
Figure 15. XRD of hydrated paste at 2, 7, 28 and 90 days; a) OPC, b) OPC+ZVB.
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instability in high alkaline solutions, but more stud-
ies are needed in order to completely understand its 
role in volcanic pozzolan performance.
Summarizing, the addition of  ZVB to cement 
causes two main effects. At early ages, the water 
demand increases due to the high specific surface 
and the high CEC of ZVB, reducing the min-
islump and the mortar flow. On the other hand, 
the cement hydration reactions are stimulated, 
but the high hydration degree of  OPC fraction 
cannot compensate the dilution effect caused by 
25% of  replacement. Later, the pozzolanic reac-
tion increases the combined water and the relative 
compressive strength (SAI > 1.00) of  the blended 
cement. The pozzolanic reaction is mainly attrib-
uted to the glass reaction, and to a lesser extent to 
the mordenite-type zeolite. XRD and SEM-EDS 
studies reveal that mordenite and Ca(OH)2 remains 
in the paste and mortar after 90 days. 
5. CONCLUSIONS
This vitreous breccia contains some sectors rich 
in volcanic glass and others partially to completely 
altered to mordenite. This irregular mineralization of 
the rock requires a comprehensive evaluation of the 
material to estimate its potential use as a pozzolan. 
Textural and mineralogical characterization by opti-
cal microscopy, XRD and SEM-EDS is highly rec-
ommended. The proportion of mordenite and glass 
in the bulk sample estimated with the methylene blue 
staining technique and imaging processing is ~25%, 
comparable with the estimation made through CEC 
determined on the homogenized ground ZVB. 
Textural and mineralogical analyses show that 
ZVB is heterogeneous, with vitreous areas slightly 
zeolitized and other sectors strongly altered to zeo-
lite. The most distributed phase replacing the vit-
reous material is fine-grained mordenite with no 
obvious habit, while the fibrous variety of this min-
eral and prismatic clinoptilolite are less abundant. 
K-feldspar, plagioclase, opal-CT, Ti- or Fe-oxides/
hydroxides and clay minerals were identified as 
accessory phases (< 1%).
The ZVB does not meet the LOI limit of ASTM 
C618 standard. Results of DSC-TGA and FT-IR 
complemented by bulk (ICP) and chemical analy-
ses (SEM-EDS) of each phase confirm that zeolite 
and glass have similar chemical composition with 
~11.5% of water. However, only ~4.5% is lost up to 
~110 °C, assignable to hygroscopic water, and the 
rest (above 110 °C) is assignable to water held in the 
zeolite structure.
Two main effects were observed when ZVB was 
used as SCM. First, the water demand increases at 
early ages, reducing the minislump and the mor-
tar flow. Second, the pozzolanic reaction increases 
the combined water and the relative compressive 
strength (SAI > 1.00) of the blended cement. 
The pozzolanic reaction can mainly be attributed 
to the high reactivity of volcanic glass in alkaline 
conditions, while the zeolitization of volcanic glass 
contributes to increasing the exposed surface and 
ion transport for the pozzolanic reaction. 
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